Background-Studies of sex differences in long-term mortality after acute myocardial infarction have reported mixed results. A systematic review is needed to characterize what is known about sex differences in long-term outcomes and to define gaps in knowledge. Methods and Results-We searched the Medline database from 1966 to December 2012 to identify all studies that provided sex-based comparisons of mortality after acute myocardial infarction. Only studies with at least 5 years of follow-up were reviewed. Of the 1877 identified abstracts, 52 studies met the inclusion criteria, of which 39 were included in this review. Most studies included fewer than one-third women. There was significant heterogeneity across studies in patient populations, methodology, and risk adjustment, which produced substantial variability in risk estimates. In general, most studies reported higher unadjusted mortality for women compared with men at both 5 and 10 years after acute myocardial infarction; however, many of the differences in mortality became attenuated after adjustment for age. Multivariable models varied between studies; however, most reported a further reduction in sex differences after adjustment for covariates other than age. Few studies examined sex-by-age interactions; however, several studies reported interactions between sex and treatment whereby women have similar mortality risk as men after revascularization. Conclusions-Sex differences in long-term mortality after acute myocardial infarction are largely explained by differences in age, comorbidities, and treatment use between women and men. Future research should aim to clarify how these differences in risk factors and presentation contribute to the sex gap in mortality. (Circulation. 2014;130:757-767.)
N umerous studies have examined sex differences in the outcomes of patients with acute myocardial infarction (AMI) [1] [2] [3] [4] [5] ; however, most of these studies have focused on outcomes in the first year, leaving considerable uncertainty about long-term events. In general, studies of short-term outcomes have reported higher crude mortality for women after AMI, which is largely explained by differences in age and comorbidities between men and women. In addition, these studies have identified an age-sex interaction whereby younger women are at particularly high risk of mortality after AMI even after adjustment for other prognostic factors. 4, 5 Significantly less is known about sex differences in mortality over the long term. Although several studies have addressed this topic, they differ considerably with respect to inclusion criteria, methodology, and follow-up, making it difficult to interpret these studies at first glance. Whereas some studies show higher mortality for women after AMI, others have reported no difference or even a survival advantage for women. Thus, it remains unclear whether sex differences in mortality persist over the long term and which factors contribute to the gap in mortality, if any.
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As cardiac care improves and patients live longer after AMI, it has become increasingly important to evaluate the literature on sex differences in long-term outcomes to characterize what is known and to define gaps in knowledge. This information can then be used to generate new hypotheses and to inform future research into this field. Additionally, a review of existing studies would help to determine whether the gap
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August 26, 2014 in mortality has changed over time by comparing studies published at different time points and whether the gap varies according to initial treatment (coronary intervention or medical management). Clarifying these issues is critical to our understanding of sex differences in coronary heart disease and for improving cardiac care and outcomes in women. In this article, we systematically review the existing literature on sex differences in long-term mortality after AMI to summarize study findings, to assess heterogeneity across studies, and to identify areas where research is needed.
Methods

Search Strategy
We searched the Medline database from 1966 to December 2012 to identify studies that provided sex-based comparisons of mortality after AMI. The search strategy included the following terms in either the title or abstract of the article: (myocardial infarction or heart attack or acute coronary syndrome or AMI) and [gender or sex or (men and women) or (women and men)] and (mortality or death or survival or outcome). Study abstracts were reviewed for mention of AMI and either mortality or survival as an outcome measure. Full-length articles for abstracts meeting these criteria were retrieved and reviewed separately by 2 reviewers to identify studies that met the full inclusion criteria. To be included in this review, studies had to include both men and women, had to follow patients for a maximum follow-up of at least 5 years, and had to report at least 1 of the following: mortality or survival rates by sex, sex-specific relative risks or hazards ratio for mortality, and significance tests for comparing mortality or survival in men and women. We chose to examine only studies with at least 5 years of follow-up to focus on mortality well beyond the acute phase. When ≥2 studies had overlapping study populations, we selected the study with the most in-depth sex analysis. Only published data were reviewed.
Data Extraction and Methodological Quality
Two trained reviewers extracted the data using a standardized form to ensure systematic data collection. Variables abstracted included information on study participants, outcomes, covariates, and interactions or stratified analyses. We collected data on unadjusted and adjusted mortality risk ratios or risk differences and on sex-specific mortality rates. When risk ratios (relative risks, odds ratios, or hazard ratios) were not reported, we calculated them from the sex-specific crude rates (ie, cumulative incidence or incidence rates) whenever possible. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Similarly, when age-adjusted risk estimates were not reported but sufficient data were provided, 15, [17] [18] [19] [20] 24 we calculated Mantel-Haenszel pooled odds ratios across age strata using the frequency procedure in SAS. Breslow-Day tests for heterogeneity were evaluated in all cases to ensure that it was appropriate to calculate a pooled risk estimate. Study quality was evaluated by use of a modified STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) checklist, which included information on study design, patient selection, follow-up, statistical analyses, covariate adjustment, and potential sources of biases.
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Analyses
To evaluate whether long-term mortality after AMI differed between men and women, we examined unadjusted, age-adjusted, and multivariate-adjusted mortality estimates. Study heterogeneity was evaluated through visual inspection of forest plots and calculation of an I 2 statistic. Originally, we had planned to perform a meta-analysis of the study results; however, after an examination of the literature, it became clear that a meta-analysis was not appropriate because of the heterogeneity in study populations, outcome assessment, and covariates in multivariable models. Multiple subgroup analyses were evaluated to identify potential sources of heterogeneity and to determine whether estimates could be pooled across some studies; however, all comparisons yielded I 2 statistics >80%. In general, an I 2 statistic >75% reflects high heterogeneity, indicating that it may not be appropriate to calculate a pooled estimate. Therefore, we chose to qualitatively report and compare individual relative risks. Given previous literature indicating an age-sex interaction, we investigated whether a similar interaction was present in studies of long-term mortality. We also reviewed studies for interactions between sex and treatment when available.
Finally, we examined whether specific time trends could be observed in the risk estimates. Adjusted risk ratios for women versus men were plotted by the midpoint of the study recruitment period, and a line was fit to evaluate trends over time. All statistical analyses were performed with a combination of ReviewManager version 5.1.4 (Cochrane Collaboration, Oxford, UK) and SAS version 9.2 (SAS Institute, Cary, NC).
Results
The initial search yielded 4571 titles, from which 1877 abstracts were reviewed and 52 articles met the full inclusion criteria. Of these, 13 were subsequently excluded for overlapping study populations, leaving a total of 39 studies included in this review ( Figure 1) .
A description of each study [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] is given in Table 1 . Twenty-three studies followed up patients for a maximum of 5 to 10 years after AMI, whereas the remaining 16 studies had maximum follow-up periods >10 years. The 12 studies that were excluded for overlapping study populations, along with the reason for exclusion, are listed in Table I in the online-only Data Supplement.
Study Quality
Of the 39 studies included in this review, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 27 (69%) were designed to specifically examine sex differences in longterm prognosis after AMI. 6, 7, 9, 11, [13] [14] [15] [16] [17] [18] [20] [21] [22] [23] [24] 27, 30, 31, [35] [36] [37] [39] [40] [41] [42] [43] [44] The other 12 studies either included sex as a covariate or evaluated it in secondary analyses. We found significant heterogeneity across studies in study design, patient inclusion criteria, follow-up, and covariates, which are summarized in Table II in the online-only Data Supplement. Nine studies (23%) had age-specific inclusion criteria, including 4 studies that required patients to be <65 years of age. 14, 23, 35, 45 Although most studies did not specify treatment criteria, 3 studies included only patients who had been treated with percutaneous coronary intervention (PCI), 7, 28, 34 and 1 study limited its sample to patients treated with streptokinase. 22 Follow-up length and measurement varied widely between studies. Of the 39 studies included in this review, 21 measured long-term mortality from admission, 9 from discharge, and 15 from time points after discharge (Table II in the online-only Data Supplement). Eight studies reported long-term mortality measured from multiple starting points. Length of follow-up varied from 5 to 23 years.
Overview of Study Findings
Baseline and Clinical Characteristics
In nearly all studies, women represented fewer than half of the patients, with 28 studies (72%) containing fewer than one-third women. Only 2 studies had samples with a female majority. 33, 43 Although neither of these studies specifically ║Long-term mortality calculated for 3-month survivors. #Long-term mortality calculated for 4-month survivors. **Long-term mortality calculated from onset of heart failure. † †Long-term mortality calculated from randomization (median, 8 days after MI). ‡ ‡Mean/median length of follow-up when subjects were recruited and followed for varying lengths of time. sampled women, both used inclusion criteria that were more common in women (post-AMI heart failure and enrollment in a Medicare program for the elderly).
To determine whether men and women with AMI differed with respect to baseline characteristics and treatment, we qualitatively compared studies that reported the prevalence of these risk factors in men and women (Table III in the online-only Data Supplement). More studies reported a higher percentage of diabetes mellitus, congestive heart failure, hypertension, depression, and renal dysfunction in female patients, whereas smoking and history of AMI tended to be more prevalent in male patients. Additionally, studies tended to report higher Killip classes and lower rates of PCI, coronary artery bypass graft surgery, and fibrinolytic therapy in women.
Unadjusted Mortality
Of the 26 studies reporting mortality 5 to 9 years after AMI, 13 (50%) reported significantly higher mortality for women compared with men, 2 (8%) reported higher mortality for men, and 7 (27%) found nonsignificant differences in mortality between men and women ( Table 2 ). Most of the relative risk estimates for studies finding a higher unadjusted mortality in women were of comparable magnitude, ranging from 1.23 to 1.88. Similar results were observed for studies examining survival beyond 10 years. Eleven studies (73%) reported significantly higher mortality for women, and 4 studies (27%) found no difference. No studies reported higher mortality for men in unadjusted analyses.
To determine whether study results varied by start point of follow-up, we constructed forest plots of the unadjusted risk ratios stratified by these variables (Figures 2 and 3) . No consistent patterns were observed by start point of follow-up.
Age-Adjusted Mortality
Thirteen of the 39 studies reported analyses adjusted for age only, and age-adjusted Mantel-Haenszel odds ratios could be calculated for an additional 6 studies. Age adjustment was performed in a variety of ways, including logistic or proportional hazards regression, Mantel-Haenszel statistics, and direct standardization.
Age adjustment attenuated the association between female sex and increased long-term mortality (Figure 4 ). Most studies found nonsignificant differences in age-adjusted mortality between men and women, and 1 study even found a reversal in risk after adjustment for age. 36 Only 2 studies continued to report a significantly higher age-adjusted risk of mortality for women, which may be due to inadequate adjustment for the effect of age. 6, 18 Benderly et al 6 categorized age into 5-year increments, and Langørgen et al 18 adjusted for age using only 2 age strata (<60 and ≥60 years).
Multivariate-Adjusted Mortality
Twenty-two studies reported multivariate risk estimates ( Figure 5 ), nearly all of which found a reduction in the sex differences after adjustment. Eleven studies reported nonsignificant female-to-male relative risks after adjustment; 2 reported significantly higher risk for women; and the remaining 9 reported lower risk for women. Interestingly, risk ratios for female sex actually switched directions after adjustment in 5 of these studies. 31, 32, 36, 37, 40 In all 5 studies, female sex was significantly associated with increased mortality in unadjusted analyses but became protective after multivariate adjustment.
Stratified Analyses and Interactions
Age
The 12 studies reporting unadjusted age-stratified analyses are presented in Figure I in the online-only Data Supplement. No consistent patterns were observed when risk ratios were stratified by age, but there appeared to be a trend toward higher mortality for younger women compared with men of the same age. For example, Alter et al 27 found that the hazard of 5-year death for women compared with men decreased by 14.2% for every 10-year increase in age.
Studies examining interactions between sex and age reported mixed results. Two found significant interactions, 9, 27 2 reported borderline significant interactions, 36, 43 and 4 found no interaction. 30, 38, 42, 44 However, it is important to note that 3 of the studies reporting nonsignificant interactions restricted their samples to patients within certain age ranges and thus may not have been equipped to detect an age interaction. 30, 38, 42 
Treatment
Six studies included only patients treated with PCI or presented results stratified by treatment type.
7,9,28,34,36,42 When only patients undergoing revascularization (PCI or coronary artery bypass graft surgery) were examined, 5 studies reported nonsignificant unadjusted and adjusted risk ratios for the effect of sex. 7, 9, 28, 36, 42 Only Hosmane et al 34 reported higher risk for women receiving PCI, which may be due to patient selection given their small sample size (98 patients) and the high-risk population (patients with cardiac arrest followed by emergent PCI) studied. Only 1 study reported results for patients receiving medical management only and found significantly higher mortality for women. 42 
Time Trends
Study recruitment periods varied in length from 1 to 35 years, and data collected by these studies spanned the years 1951 to 2008. All studies examining temporal trends in post-AMI survival found significant increases in survival for both men and women over their study periods. 8, 18, 31, 40 Given recent improvements in AMI management over the last several decades, we evaluated whether the adjusted risk ratios for women versus men also declined over time ( Figure 6 ). Although risk ratios varied considerably over time, there appeared to be a slight downward trend, suggesting these sex differences have attenuated slightly over time.
Discussion
To the best of our knowledge, this is the first systematic review to evaluate the existing literature on sex differences in mortality after AMI with follow-up periods of ≥5 years. Our review included 39 studies evaluating ranges in follow-up from 5 to 23 years. We found significant heterogeneity in study populations, 10 (1.00-1.20)   1.59 (1.55-1.64)   0.98 (0.91-1.06)   1.17 (1.13-1.20)   1.13 (0.91-1.40)   1.20 (1.19-1.21)   1.18 (1.11-1.27 methodology, and risk adjustment, which produced substantial variability in risk estimates across studies. Although this heterogeneity precludes a formal meta-analysis, several important findings can be deduced from a review of the individual studies. In general, most studies reported higher unadjusted mortality for women compared with men at both 5 and 10 years after AMI. Several factors may explain the observed trend toward higher long-term mortality in women, including differences in age, AMI risk factors, clinical presentation, and treatment. On average, women tend to be older than men at the time of AMI, which may place them at greater risk of mortality in both the short and long term. Indeed, many of the differences in mortality between men and women became attenuated after adjustment for age. In addition, age may act as an effect modifier. Although studies examining interactions between sex and age reported mixed results, studies examining stratified analyses between by age tended to show higher mortality for younger women but lower mortality for older women compared with men of the same age. These findings are consistent with previous reports of sex differences in short-term mortality after AMI. For example, Vaccarino et al 46 reported an 11.1% increase in the odds of hospital death for women compared with men for every 5-year increase in age.
In addition to age, women and men with AMI have different distributions of cardiovascular risk factors and comorbid conditions, which may also explain the observed mortality difference. Consistent with previous literature, we found that studies tended to report a higher prevalence of diabetes mellitus, congestive heart failure, hypertension, depression, and renal dysfunction in female patients compared with male patients. In addition, most studies reported poorer clinical presentations and higher rates of complications in women, suggesting that women may experience more severe AMIs, placing them at higher risk of mortality over the long term. The higher prevalence of cardiovascular risk factors and poorer clinical presentation in women are likely related to their older age at presentation. Because multivariate models varied substantially between studies, it is difficult to determine which factors contributed to the increased mortality in women. However, most studies reported a further reduction in the sex differences after adjustment for covariates other than age.
Finally, there may be an interaction between sex and treatment type. Previous reviews and meta-analyses have proposed that sex differences in treatment may contribute to some of the observed differences in mortality. 47 Although relatively few studies in this review adjusted for treatment in multivariate analyses, all reported nonsignificant or lower risk of mortality for women after adjustment. Similarly, studies examining analyses stratified by treatment type found nonsignificant risk ratios for women versus men among patients undergoing revascularization (PCI or coronary artery bypass graft surgery) but significantly higher mortality for women among patients treated with medical management only. These findings suggest an important sex-by-treatment interaction. Although the mechanisms underlying this interaction are unclear, they may be related to improvements in the standard of care for patients with AMI and increased emphasis on prompt intervention in the PCI era. Indeed, when we examined time trends, we found a slight downward trend suggesting a reduction in sex differences in long-term mortality over time. Given that men and women appear to have similar mortality risk after PCI or coronary artery bypass graft surgery, it is not surprising that sex differences have decreased with the widespread adoption of revascularization procedures as the standard of care. However, larger time-trend analyses are needed to confirm this observation.
Our findings are consistent with previous systematic reviews of sex differences in short-term mortality after AMI. Nohria et al 4 concluded that sex-related mortality differences were less related to intrinsic characteristics of coronary disease in women but instead could be largely explained by differences in age, cardiac risk factors, and use of fibrinolytic therapy and aspirin in women compared with men. Similarly, Bell and Nappi 47 cited underuse of cardiac procedures and medical therapies in women as an explanation for the worse prognosis in women, and Berger and Brown 48 found that the mortality rate after primary angioplasty for AMI was equal for men and women. Our study adds to these reviews by identifying factors that contribute to sex differences in long-term prognosis after AMI and exploring potential effect modifiers that place women at particularly high risk. In addition, we consider trends in mortality risk ratios over time, which have not been examined in previous reviews. We observed significant heterogeneity across studies, which precluded us from conducting a formal meta-analysis and limited our ability to draw uniform inferences from all studies combined. Several studies contained specific treatment, age, or other inclusion criteria, which created large differences in sample characteristics across studies. Covariate selection and definition also varied across studies, and because sex was not the primary focus of several studies, multivariate models may not have adequately controlled for factors associated with sex. Finally, heterogeneity in follow-up assessment may explain some of the discrepancy in long-term risk estimates between studies. Although we stratified results by start point and duration of follow-up, several strata contained only a few studies, making it difficult to identify patterns within and across strata.
Inferences from this review may also by limited by potential selection bias in the inclusion of women in these studies. In nearly all studies, women represented the minority, with most populations containing fewer than one-third women. The exclusion of elderly patients in several studies likely explains some of the sex discrepancy in patient inclusion; however, the low percentage of women in these studies may also represent an important diagnosis or hospitalization referral bias. The underrepresentation of women in many of these studies is an important finding in its own right.
The findings in this review have important implications for both clinicians and researchers. We found that differences in age, clinical presentation, and treatment use explain much of the disparity in long-term prognosis after AMI between men and women. Future research should aim to clarify how differences in cardiovascular risk factors and clinical presentation contribute to sex differences in long-term mortality. Specifically, research is needed in 3 areas. First, studies should focus on identifying which patient factors are the strongest confounders in the relationship between sex and mortality to identify potential targets for intervention. Second, previous studies have suggested that the prognostic value of certain risk factors may differ by sex. Three studies in this review reported that diabetes mellitus, renal insufficiency, and smoking had a stronger effect on mortality in women than in men, whereas respiratory disease and history of cardiovascular disease were stronger predictors of mortality in men. 6, 8, 41 Future studies should aim to understand how these factors affect men and women differently to identify opportunities to improve care in women. Finally, novel strategies for managing these behavioral and clinical risk factors in women are needed, both at the time of presentation and after hospitalization. This review sets the foundation for future studies that aim to characterize patient factors that drive the sex gap in mortality and to propose new approaches for tailoring care to the needs of women. Length of follow--up <10 years ≥10 years
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